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Gold particles were fabricated by the high-intensity femtosecond laser irradiation of
gold (III) chloride trihydrate (HAuCl4) aqueous solution. The structure and size
distribution of the prepared particles were evaluated by transmission electron
microscopy. The configuration of the gold particles varied with the concentration of
the HAuCl4 aqueous solution. The mean particle size and size distribution were
changed by the addition of polyvinylpyrrolidone (PVP), which acted as a dispersant,
and monodispersed gold nanoparticles with a diameter of about 3 nm were successfully
fabricated. The formation process of the nanoparticles is discussed in terms of the
optical decomposition of molecules in the highly intense optical field generated by
femtosecond laser irradiation.
I. INTRODUCTION
A femtosecond laser is able to produce an intense op-
tical field of 1016 to 1018 W/cm2, which is close to the
electric field inside a hydrogen molecule generated by
the electrons. After the pioneering work on the Coulomb
explosion by Cornaggia and co-workers,1–3 the photoion-
ization and fragmentation induced by an intense laser
field have been studied by numerical approaches.4–6 At
the same time, experimental studies were carried out for
many materials. The photoionization and fragmentation
of inert gases, hydrocarbons, and organic gases were in-
vestigated mainly by time-of-flight (TOF) mass spectros-
copy.7–11 Soft x-ray produced by higher-order harmonic
generation7 intense enough to detect the Coulomb explo-
sion were demonstrated,8 and the Coulomb explosion of
benzene molecules were observed.9,10 However, these
studies were mainly performed in an extremely low con-
centration of gas, for instance, at a pressure of 1.0 × 10−7
Torr for benzene.10 On the other hand, studies of intense
laser irradiation of condensed matter such as liquid and
solid have been also carried out. When an intense optical
field of 1016 to 1018 W/cm2 is generated in the condensed
matter, the resulting phenomena will be very compli-
cated, and pure physical processes will be difficult to
distinguish from other processes. Nevertheless, a lot of
interesting phenomena under high-intensity optical field
have been reported. For example, x-ray emission from
water, CsCl and RbCl aqueous solutions,12,13 and the
self-focusing and filamentation in liquid14,15 and solid16
media accompanying a chirped white light generation
were also investigated. Accordingly, it is expected that
such an intense optical field will strongly interact with
molecules and produce highly charged ions resulting in
significant optical decomposition of molecules and suc-
ceeding formation of different molecules or particles.
Since this process is applicable to many types of mol-
ecule, the femtosecond laser irradiation of a liquid has
the potential to be a novel method of material processing.
In this work, we investigate the fabrication of gold
particles by the high-intensity femtosecond laser irradia-
tion of gold (III) chloride trihydrate (HAuCl4) aqueous
solution. After various lengths of time of laser irradia-
tion, the products in the solution were evaluated by trans-
mission electron microscopy. The effects of the concen-
tration of the solution, irradiation time, and the existence
of a dispersant were examined. The formation mecha-
nism of the particles was also discussed in terms of the
optical decomposition of molecules.
II. EXPERIMENTAL DETAILS
A schematic representation of the experimental setup
is presented in Fig. 1. Gold (III) chloride trihydrate
(HAuCl4, Sigma-Aldrich Japan K.K., Tokyo, Japan,
>99.9%) was dissolved in distilled water, and its concen-
tration was set at 1.0 × 10−4, 1.0 × 10−2, or 1.0 wt%. The
solutions with HAuCl4 concentrations of 1.0 × 10
−4 and
1.0 × 10−2 wt% were colorless and transparent, and the
1.0 wt% HAuCl4 solution was yellow. The aqueous solution
(2 mL) was placed in a 10 mm × 10 mm × 45 mm glass
vessel, which is optically transparent at the wavelength
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of the incident laser light. Laser pulses generated by
chirped pulse amplification (CPA-10, Clark MXR, Inc.,
MI) with 100 fs pulse width (wavelength, 780 nm; pulse
energy, 6 mJ; repetition rate, 10 Hz) were introduced into
the vessel perpendicular to its surface and were strongly
focused in the solution using an aspheric lens with a focal
length of 8 mm and a numerical aperture of 0.5. The
laser intensity I at the focal spot was estimated to be
8.8 × 1018 W/cm2 without consideration of the aberration
and the pulse-broadening effect.
Transmiss ion elec t ron microscopes (TEM;
JEM2000EXII and JEM3010, JEOL Ltd., Tokyo, Japan)
were used to obtain electron micrographs of the products.
Immediately following the irradiation, a drop of aqueous
solution was placed on a carbon-coated copper grid (Mi-
cro Grid Type B, Okenshoji Co., Ltd., Tokyo, Japan) and
dried at room temperature for TEM observation. The size
distribution was calculated from the diameters of about
1000 particles in the obtained micrograph. HAuCl4 mol-
ecules in the solution can be decomposed to gold colloids
merely by ultraviolet (UV) irradiation; therefore, the pre-
pared HAuCl4 aqueous solution was separated into two
vessels. One of them was a “sample” used for laser irra-
diation, and the other was a “reference” kept in the same
condition as the sample but without laser irradiation. The
effects of femtosecond laser irradiation were investigated
by comparing the sample with the reference.
III. RESULTS AND DISCUSSION
A. Laser irradiation of HAuCl4 aqueous solution
When laser pulses were irradiated in the aqueous so-
lutions with different HAuCl4 concentrations of 1.0 ×
10−4, 1.0 × 10−2, and 1.0 wt% through a focusing lens,
tiny flashes of light were observed and very fine bubbles
were generated around the focal point. These bubbles
were identified as hydrogen and oxygen by gas chro-
matographic analysis (GC-8A, Shimadzu Co., Kyoto, Ja-
pan). The gases are thought to be produced by the de-
composition of water through laser-induced break-
down.17 This implies the optical decomposition of water
molecules to hydrogen and oxygen molecules in the pres-
ent process. During the laser irradiation, the color of the
solution changed perceptibly. The change depended on
the concentration. The 1.0 × 10−4 wt% solution remained
transparent after 30 min irradiation; on the other hand,
the 1.0 × 10−2 wt% solution changed to reddish-purple
from transparent, and the 1.0 wt% solution changed to
ochre from yellow. The reddish-purple color observed in
the 1.0 × 10−2 wt% solution strongly indicates the surface
plasmon resonance of gold nanoparticles with an absorp-
tion band at approximately 520 nm. In addition, by the
following day, the solution colors of reddish-purple and
ochre had returned to being transparent and yellow, re-
spectively, with the formation of a precipitate.
Figure 2 shows typical TEM images of the reference
[Figs. 2(a) and 2(b)] and sample [(Figs. 2(c) and 2(d)]
1.0 wt% HAuCl4 aqueous solutions. Figures 2(b) and
2(d) are magnifications of the squares indicated in
Figs. 2(a) and 2(c), respectively. Many particles with a
diameter of several tens of nanometers were found
throughout the grid for the reference, as shown in
Figs. 2(a) and 2(b). These particles were identified as
gold from the selected-area electron diffraction (SAED)
pattern in the inset of Fig. 2(b), although the pattern
included faint rings with a small number of spots, which
can be attributed to the photoreaction of HAuCl4 aqueous
solution. In contrast, dendritic gold particles with a diam-
eter of several hundred nanometers and features distinct
from the particles formed in the reference were found in
the sample [Fig. 2(d)]. The SAED pattern in the inset of
Fig. 2(d), which identified the particles as being gold,
had clear rings.
Figure 3 shows TEM images of the reference
[Figs. 3(a) and 3(b)] and sample [Figs. 3(c) and 3(d)]
1.0 × 10−2 wt% HAuCl4 aqueous solutions. Figures 3(b)
and 3(d) are also magnifications of the squares indicated
in Figs. 3(a) and 3(c), respectively. In this case, there are
a small number of particles throughout the grid for the
reference. Typical particles in the reference solution,
shown in Figs. 3(a) and 3(b), were identified as being
gold from the SAED pattern in the inset of Fig. 3(b). The
formation of gold particles was thought to be caused by
the photoreaction of HAuCl4 solution, as for the refer-
ence 1.0 wt% solution. In contrast, many nanometer-
sized gold particles with a wide size distribution were
found around the grid for the sample. In addition, the
colors of these solutions changed after irradiation to the
FIG. 1. Experimental apparatus.
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aforementioned colors. Consequently, the gold particles
in the samples shown in Figs. 2 and 3 were thought to be
directly fabricated by the femtosecond laser irradiation of
the 1.0 and 1.0 × 10−2 wt% HAuCl4 aqueous solutions.
However, no particles were observed in the reference and
sample 1.0 × 10−4 wt% HAuCl4 solution, which showed
no color change during laser irradiation.
To examine the fabrication mechanism of the particles
during irradiation, we obtained samples by irradiating
1.0 × 10−2 wt% HAuCl4 solution for different lengths of
time. The initially transparent liquid began to turn pale
red after 15 min irradiation and had become reddish-
purple after 30 min. Figure 4 shows the absorption spec-
tra of the samples prepared with irradiation times of 10,
15, and 30 min starting from 1.0 × 10−2 wt% HAuCl4
solution measured using a UV-visible spectrophotometer
(V630 iRM, JASCO Co. Tokyo, Japan). The spectrum of
the reference is also shown in the figure for comparison.
The absorption shown in the spectrum below 350 nm was
mainly caused by the glass vessel. No absorption in the
visible region was found in the spectra of the reference
and the sample irradiated for 10 min. On the other hand,
an absorption peak at approximately 520 nm caused by
the surface plasmon resonance of gold nanoparticles can
clearly be seen in the spectra of the sample irradiated for
15 min; this peak became larger after 30 min irradiation.
This indicates that the reaction progresses with irradia-
tion time. However, the reddish-purple solution obtained
after 30 min irradiation had returned to being transparent,
and the absorption peak had disappeared, with the for-
mation of a precipitate, by the following day. Moreover,
the particles in the sample shown in Fig. 3(d) have a
relatively wide size distribution, although the reaction is
thought to proceed under a steady-state condition. Con-
sequently, it is thought that primary particles fabricated
by laser irradiation aggregated, resulting in particles with
a wide size distribution and a precipitate. In other words,
after primary particles were nucleated, as can be ex-
pected under the present experimental conditions, the ag-
gregation of these particles was inevitable. Accordingly,
the prevention of aggregation is necessary for the inves-
tigation of the primary particles that are fabricated at an
early stage of the reaction.
B. Effects of dispersant on laser irradiation of liquid
To prevent the aggregation of primary particles fabri-
cated by laser irradiation, polyvinylpyrrolidone (PVP,
FIG. 2. TEM images of (a, b) the particles in the reference without laser irradiation and (c, d) those in the sample after 30 min femtosecond laser
irradiation for 1.0 wt% HAuCl4 solution. (b) and (d) are magnifications of the squares indicated in (a) and (c), respectively. Each particle was
identified to be made of gold from the SAED patterns shown in the insets.
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Merck Ltd., Tokyo, Japan), which is commonly used as
a dispersant for metal colloids, was added to the 1.0 ×
10−2 wt% HAuCl4 solution with concentrations of 1.0 ×
10−4, 1.0 × 10−3, and 1.0 × 10−2 wt%. The laser beam
was irradiated to each solution for 30 min. The solutions
changed to reddishpurple from transparent after irradia-
tion in all cases. The solutions with PVP concentrations
of 1.0 × 10−3 and 1.0 × 10−2 wt% showed no further
visible changes over 1 month. On the other hand, the
solution with PVP of 1.0 × 10−4 wt% concentration re-
turned to being transparent with the formation of a pre-
cipitate within one week. TEM images and the corre-
sponding size distribution profiles of the particles for
different concentrations of PVP are shown in Fig. 5. In
the micrograph of the sample with 1.0 × 10−4 wt% PVP
[Fig. 5(a)], in addition to irregular-shaped large particles
with a diameter of several tens of nanometers, many
nanometer-sized fine particles with a relatively wide size
distribution were found. Thus, the addition of PVP sig-
nificantly improved the dispersibility of the particles and
the controllability of their mean particle size, compared
with the sample without PVP [Fig. 3(d)]. Furthermore,
both the mean particle size and the size distribution de-
creased with increasing PVP concentration, and single-
nanometer gold particles were successfully fabricated us-
ing 1.0 × 10−2 wt% PVP [Fig. 5(c)]. Note that the size
distribution in Fig. 5(c) was narrower than the other dis-
tributions and that most of the particles were less than
FIG. 3. TEM images of (a, b) the particles in the reference and (c, d) those in the sample for 1.0 × 10−2 wt%-HAuCl4 solutions. (b) and (d) are
magnifications of the squares indicated in (a) and (c), respectively. Each particle was identified to be made of gold from the SAED patterns shown
in the insets.
FIG. 4. UV-visible absorbance spectra of samples prepared with dif-
ferent irradiation times of (a) 10, (b) 15, and (c) 30 min starting from
1.0 × 10−2 wt% HAuCl4 solution.
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5.0 nm in diameter. Moreover, a gold single crystal with
a diameter of about 3.0 nm was observed in the particles by
high-resolution TEM (HRTEM), as shown in Fig. 6.
Thus, the PVP concentration of 1.0 × 10−2 wt% was
optimal for preparing gold nanoparticles with a narrow
size distribution in our experiment.
Additionally, the effect of irradiation on PVP itself
was examined. PVP was dissolved in distilled water with
the same concentrations as in the samples, i.e., 1.0 ×
10−4, 1.0 × 10−3, and 1.0 × 10−2 wt%, and laser pulses
were irradiated for 30 min. There was no marked change
after irradiation, and the gas generated was identified as
a mixture of hydrogen and oxygen. In addition, no par-
ticles were found in the sample by TEM observation after
irradiation for all concentrations. Therefore, no particles
were fabricated by the laser irradiation of PVP solution.
Consequently, monodispersed gold nanoparticles were
directly fabricated by adjusting the concentrations of the
solute and dispersant in the aqueous solution.
C. Fabrication mechanism of particles
Because precise estimation of the beam radius at the
beam waist 0 and the Rayleigh length zR is difficult
because of the high peak power of the femtosecond laser
FIG. 5. TEM images (left) and corresponding size distribution of the particles (right) plotted with a logarithmic vertical axis for different
concentrations of PVP. (a) 1.0 × 10−4, (b) 1.0 × 10−3, and (c) 1.0 × 10−2 wt%. The size distribution profile with a smaller scale is also shown in
each inset.
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pulses, we used ideal values of 4.67 × 10−7 m and 1.17 ×
10−6 m as the beam radius and Rayleigh length, respec-
tively, by taking account of the focal length of the lens
(8 × 10−3 m), the refractive index of water (1.33), the
wavelength of the beam (7.8 × 10−7 m), and the beam
radius (3.2 × 10−3 m). Since the reaction efficiency be-
came very low when the laser intensity was decreased to
one-tenth of that used in the experiments, we estimated
the reaction threshold to be approximately 1018 W/cm2.
Assuming that the reaction occurs in the region where the
laser intensity is more than 1018 W/cm2, the reaction





21 +  zzR
2dz , (1)
where z1 (3.25 × 10
−6 m) is the distance from the focal
point to an axial point where the laser intensity is 1018
W/cm2. Assuming that all HAuCl4 molecules in this vol-
ume are decomposed by a single laser pulse and that the
same number of Au atoms is produced, the number of Au
atoms is estimated to be 1.76 × 106 for the 1.0 × 10−2
wt% HAuCl4 aqueous solution. This number of atoms
corresponds to a gold cube of side 3.10 × 10−8 m if all the
gold atoms in the volume are involved in the formation of
the cube. This assumption means that larger particles are
formed if the reaction threshold is lower. The particle
size observed, however, was much smaller than this es-
timation and was only 3 nm. Thus, the initially produced
Au atoms accumulate to form small particles, but homo-
geneous nucleation resulted in many-nanometer-sized
particles being fabricated in our experiment. The fabri-
cation mechanism of the gold nanoparticles in a high-
intensity laser field in a liquid medium is therefore con-
sidered to be as follows. The laser intensity in the ex-
periment is much stronger than that used in conventional
particle production in aqueous solution with a solid tar-
get18–28 and exceeds the binding energy of the electrons
of the molecules. Accordingly, such an intense optical
field will strongly interact with molecules and produce
highly charged ions, resulting in significant optical de-
composition of molecules and succeeding formation of
uncombined atoms and fragments. Actually, the detec-
tion of hydrogen and oxygen molecules in the experi-
ment indicates drastic decomposition of water molecules.
This observation suggests that HAuCl4 molecules are
also decomposed into uncombined atoms or fragments.
Especially, if gold atoms or ions are detached from a
HAuCl4 molecule, small gold particle can be formed
through collisions during a cooling process caused by a
surrounding liquid with low temperature. The particle
size will be small but enough for nucleation of gold
nanoparticles. When the size of the gold particles reached
3 nm, most of the gold atoms produced by the laser
irradiation had been expended and the growth of the gold
particles ceased. PVP acted as a hindrance to coales-
cence. It is important to verify our proposed reaction
mechanism in future work.
IV. SUMMARY
In this study, gold particles were fabricated by the
novel technique of the high-intensity femtosecond laser
irradiation of HAuCl4 aqueous solution. This method is
simple, reproducible, and easy to control. Note that the
formation process is different from that in other tech-
niques, for instance, the formation of gold18–22 and
other23–28 particles by the pulsed laser ablation of bulk
materials immersed in a liquid medium. The process of
gold formation in our method is considered to be through
an ultrafast, extremely high-pressure, and high-energy
nonequilibrium reaction. Moreover, the method is appli-
cable to not only any type of aqueous solution but also to
mixed solutions. In other words, the high-intensity laser
irradiation of a liquid has the potential to create semi-
conductors, alloyed metals, and other material particles
with controlled size and configuration.
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